To test for isolation by mountain ranges in small arboreal mammals, phylogeography of Pallas's squirrel (Callosciurus erythraeus) was investigated using complete mitochondrial control region sequences (1,079-1,081 bases). This common species is distributed in the low and middle elevations of Taiwan, Republic of China. We examined 71 specimens from 6 sites in 3 study regions divided by mountain ranges in Taiwan. The 43 haplotypes found in the Taiwan populations revealed association with geography. There were 4 main mitochondrial DNA phylogroups (northern, western, southern, and eastern), but 4 haplotypes were not included in any phylogroup. Distribution range of each phylogroup was similar to defined geological categories, suggesting mountain range isolation influenced populations of C. erythraeus. The 4 phylogroups may be the result of glacial refugia during the Pleistocene.
Mountain ranges often play an important role as geographical barriers to dispersal because they present extremes of cold too great for many organisms (e.g., Cox and Moore 2000) . Several phylogeographic studies of terrestrial small mammals distributed in low and middle elevations have reported geographical isolation by mountain ranges. The Ural Range of Eurasia phylogeographically separates populations of root voles (Microtus oeconomus- Brunhoff et al. 2003) , collared lemmings (Dicrostonyx-Fedorov et al. 1999) , and common voles (Microtus arvalis- Haynes et al. 2003) . In North America, the San Emigdio-Tehachapi Range and the Transverse Range in southern California affect the respective phylogeographic patterns of dusky-footed woodrats (Neotoma fuscipes -Matocq 2002) and ornate shrews (Sorex ornatus- Maldonado et al. 2001) . The Alps range of Europe is thought to separate populations of woodmice (Apodemus sylvaticus- Michaux et al. 2003) . The mountain range isolation of arboreal small mammals has not been phylogeographically discussed in detail. Arboreal small mammals are confined to forest environments. Therefore, their dispersal is restricted by the limit of forest (timberline) in high elevations. They cannot move beyond the timberline or through unforested habitat. During the Pleistocene glaciations, the forest limit was at lower elevations (e.g., Cox and Moore 2000) . At that time, populations of arboreal small mammals would have been isolated from each other by the mountain range.
To test the hypothesis that populations of arboreal small mammals would have been isolated from each other by the mountain range, we investigated the phylogeographic structure of Pallas's squirrel (Callosciurus erythraeus) in Taiwan, based on the complete mitochondrial (mt) control region (CR) sequences. In spite of its small size (about 36,000 km 2 ), Taiwan has 5 mountain ranges (Fig. 1 ). Of them, 3 ranges have many mountains with elevations higher than 3,000 m. These mountain ranges seem to divide Taiwan into several parts, making Taiwan a suitable and compact region in which to study geographical isolation by mountain ranges. CR sequences have been successfully used to evaluate genetic structures of other squirrel populations (Barratt et al. 1999; Oshida et al. 2001 Oshida et al. , 2004 . Therefore, the CR is a useful molecular marker to resolve the phylogeographic characteristics of C. erythraeus.
Callosciurus erythraeus is widely distributed in eastern India, Bhutan, southern China, Taiwan, Indochina, and Malaya (Corbet and Hill 1992) . This squirrel is arboreal and inhabits montane forests, cultivated areas, and gardens (Nowak 1991) . Throughout Taiwan, C. erythraeus is commonly found from the lowlands to about 2,000 m elevation (Tang and Alexander 1979) . This makes it a suitable species with which to examine the geographical isolation of arboreal small mammals by mountain ranges. If we find the phylogeographic structure of C. erythraeus is correlated with mountain ranges, we will show geographical isolation by mountain range. In contrast, if there is no such phylogeographic structure, the mountain range is not an important geographical barrier for arboreal small mammals. We demonstrate the phylogeographic structure of C. erythraeus and discuss the influence of mountain range isolation on this structure.
MATERIALS AND METHODS
Study regions and specimens.-To test for mountain range isolation, we divided Taiwan into 3 study regions by mountain ranges: north of the Hsuehshan and Central ranges (region I), west of the Central Range and south of the Hsuehshan Range (region II), and east of the Central Range (region III; Fig. 1 ). Both the Hsuehshan and the Central ranges have numerous peaks higher than 3,000 m elevation. In each study region, we also set up 2 sampling sites on the basis of mountain range location (Fig. 1) . Region I had eastern (A) and western (B) sampling sites. Site A was located in the northern part of the Hsuehshan Range, but site B was not. Region II had northern (C) and southern (D) sampling sites. These sites were divided by the Alishan and Yushan ranges with peaks higher than 2,500 m and 3,500 m, respectively. Region III had southern (E) and northern (F) sampling sites. The Haian Range with 1,500-to 2,000-m peaks divided these sites. A total of 29 sampling plots was divided evenly among the sampling sites (Fig. 1) .
Specimens of C. erythraeus examined in this study are listed in Appendix I. Seventy-one specimens from 29 locations (Fig. 1) were used for phylogeographic analyses. Sixty-nine specimens were from the collection of the National Museum of Natural Science, Taichung, Taiwan. Two specimens were provided from the National Pingtung University of Science and Technology, Pingtung, Taiwan. With respect to animal care and use, we followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) in our procedures.
DNA extraction, amplification, and sequencing.-Total genomic DNA was extracted from 99% ethanol-preserved muscle tissue with the phenol-chloroform method and suspended in Tris-HCl EDTA (TE) buffer (Sambrook et al. 1989 ). The whole CR sequence was amplified using polymerase chain reaction (PCR), with primers reported by Oshida et al. (2001) : L15933 59-CTCTGGTCTTGTAAAC-CAAAAATG-39 and H637 59-AGGACCAAACCTTTGTGTT-TATG-39. Primer names correspond to the light (L) or heavy (H) strand and the 39-end position of the primers in the human mtDNA sequence (Anderson et al. 1981) . The 50-ll reaction mixture contained 100 ng of genomic DNA, 25 pM of each primer, 200 lM deoxynucleoside triphophates, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , and 2.5 units of rTaq DNA polymerase (Takara, Otsu, Japan). Amplification was carried out for 35 cycles using the following cycle program: 948C for 1 min, 508C for 1 min, and 728C for 2 min. The extension reaction was completed by incubation at 728C for 10 min. The PCR products were purified with PCR Clean Up-M (Viogen, Taiwan) and directly sequenced using an automated DNA sequencer (ABI PRISM 377-96 Sequencer and ABI PRISM 3100 Genetic Analyzer, Applied Biosystems, Foster City, California). The PCR primers and 1 newly designed internal primer (L-cer 59-CGGCACATACCCCATTCAGTC-39) were used for sequencing. Purification of PCR products and sequencing were done by Mission Biotech Co. Ltd. (Taipei, Taiwan).
Sequence and phylogeographic analyses.-Sequence alignment was carried out to detect unique haplotypes using the software program DNASIS (Hitachi, Tokyo, Japan). In all sequence analyses, gap sites were excluded. Modeltest version 3.06 (Posada and Crandall 1998) was used to find the nucleotide substitution model that best fit the data. Hierarchical likelihood ratio tests (hLRT), without an outgroup, implemented in Modeltest selected the Hasegawa-Kishino-Yano model (Hasegawa et al. 1985) . This model included the propor- tion of invariable sites (I) and the gamma shape parameter (G). Neighbor-joining analysis (Saitou and Nei 1987) was conducted with the Hasegawa-Kishino-Yano model taking into account the proportion of invariable sites and following a gamma distribution for variable sites in PAUP* 4.0b10 (Swofford 2001) . To assess the nodal supports, bootstrapping (Felsenstein 1985) was performed with 5,000 replicates.
Haplotype diversity and nucleotide diversity (p, the average number of nucleotide differences per site between 2 sequencesNei 1987) within phylogroups were calculated. We estimated net nucleotide divergences between phylogroups (Nei 1987 ) using the less sophisticated Jukes-Cantor correction (Jukes and Cantor 1969) . All calculations were made with DnaSP 3.51 (Rozas and Rozas 1999) .
For regions I, II, and III, including the 6 sampling sites ( Fig. 1 ), partitioning of total genetic variation was hierarchically examined by analysis of molecular variance (AMOVA- Excoffier et al. 1992) in ARLEQUIN 2.001 (Schneider et al. 2000) . The significance of the fixation indices was tested using permutation procedures described by Excoffier et al. (1992) with 1,000 permutations: UST as the correlation of random haplotypes within populations, USC as the correlation of molecular diversity of random haplotypes within populations, and UCT as the correlation of random haplotypes within group of populations.
To separate patterns of population history and gene flow of populations of C. erythraeus, we used a nested clade analysis (Templeton 1998; Templeton et al. 1995) . A haplotype cladogram was constructed by statistical parsimony using a 95% confidence limit between haplotypes (Templeton et al. 1992) in TCS version 1.13 (Clement et al. 2001) . Based on this cladoglam, the software GeoDis version 2.0 (Posada et al. 2000) was used to test significant associations between haplotypes and geography. This program calculates the clade distance Dc(X) (the average distance of the clade X individuals from the geographical center of that clade) and the nested clade distance Dn(X) (the average distance of the clade X individuals from the geographical center of the higher level clade in which clade X is nested). To test whether these distances were significantly small or large at the 5% level, we performed 1,000 permutations (Roff and Bentzen 1989) . Resultant clade and nested clade values were biogeographically interpreted with a revised version of the inference key (Templeton 2004) .
RESULTS
Nucleotide sequence composition.-Complete sequences (1,079-1,081 base pairs) of the CR were successfully determined from 71 individuals of C. erythraeus, resulting in 43 unique haplotypes. All sequences were deposited in the DNA Data Bank of Japan (Appendix I). Among the haplotypes, there were 91 segregating sites of which 29 were parsimony uninformative and 62 were parsimony informative. The average number of nucleotide differences between 2 haplotype sequences (K-Tajima 1983) was 21.61.
Phylogenetic analysis.-Unrooted neighbor-joining tree with Hasegawa-Kishino-Yano model with a gamma distribution and proportion of invariable sites demonstrated 4 distinct mtDNA phylogroups (northern, western, southern, and eastern) of C. erythraeus in Taiwan. Four haplotypes (Ce18, Ce22, Ce25, and Ce34) were not included in any phylogroup (Fig. 2) . The northern, western, southern, and eastern mtDNA phylogenetic lineages appeared with 100%, 93%, 93%, and 78% nodal supports, respectively. Within the northern phylogroup, a cluster consisting of haplotypes Ce05, Ce09, and Ce12 was found with 99% nodal support. The remaining haplotypes did not show clear phylogenetic structure. The phylogenetic structure in the western phylogroup was unclear, although 2 subclusters were supported with 98% and 100% bootstrap values. In the eastern phylogroup, there were 2 sublineages: one consisting of haplotypes Ce20, Ce21, Ce27, Ce28, Ce32, and Ce33 with 70% nodal support, and the other consisting of haplotypes Ce30 and Ce35 with 96% nodal support. The southern phylogroup consisted of haplotypes Ce31, Ce36, and Ce37.
Phylogroups and genetic variation.-Haplotype diversity within each of the 4 mtDNA lineages was similar (0.93-0.95; Table 1 ). Nucleotide diversity was 0.51-1.30%, with the western group showing the highest value (Table 1 ). The JukesCantor corrected net divergences were 1.64% between northern and western phylogroups, 2.10% between northern and southern phylogroups, 1.84% between northern and eastern phylogroups, 1.68% between southern and western phylogroups, 1.58% between eastern and western phylogroups, and 0.99% between southern and eastern phylogroups.
Associations between genetic variation and geographical categories.-Partitioning of total genetic variation among regions, among sites within regions, and among individuals within sites was tested by AMOVA using the geographical structure defined in Fig. 1 and Appendix I. Significant genetic variations were found among regions and among sites (P , 0.0001), but not among individuals within sites (P ¼ 0.14; Table 2 ). The smallest variance component was among regions. The variance component among individuals within sites was very large.
In the nested clade analysis, the statistical parsimony procedure yielded 4 divergent haplotype clades: 1.38, 4.1, 4.2, and 5.1 (Fig. 3) . Clades 1.38 and 4.2 consisted of members of the western lineage and were restricted to western Taiwan (region II). Clade 4.1 contained members of the northern lineage and was restricted to northern Taiwan (region I), except for haplotype Ce06 from region II. Clade 5.1 was mainly restricted to southern and eastern Taiwan (region III), although haplotypes Ce26 and Ce30 occurred in region II. In this clade, the haplotypes of clade 4.5 corresponded to those of the southern lineage, and the haplotypes of clades 3.8, 3.11, and 4.4 corresponded to those of the eastern lineage. The null hypothesis of no geographical association of clades was significantly rejected (P , 0.05) by clades 3.2, 4.3, 4.5, and 5.1 in a nested contingency analysis. Geographical structure was significant at the higher clade levels. The total cladogram revealed highly significant association between geography and haplotypes (v 2 ¼ 98.245, P , 0.0001). In clades 3.2, 3.10, 4.3, and 5.1 and the total cladogram, the inference key of Templeton (2004) indicated past fragmentation, long-distance colonization, or both.
DISCUSSION
Control region sequence.-The control region is composed of 3 subregions that exhibit strikingly different levels of sequence variation: 59-end variable domain, conservative central domain, and 39-end variable domain (e.g., Brown et al. 1986; Saccone et al. 1991; Southern et al. 1988 ). In the CR of C. erythraeus, we found these domains. The 59-end domain was more variable than the 39-end domain. In a consensus sequence alignment of all haplotypes, 3 gap sites were arranged in the 39-end domain, but were excluded in phylogeographic analysis. Repetitive sequences reported in the CR of various mammals (e.g., Hoelzel et al. 1994; Matsuhashi et al. 1999; Nagata et al. 1998) were not found in C. erythraeus. The CR sequence characteristics of C. erythraeus were similar to those of the Japanese giant flying squirrel (Petaurista leucogenys) described by Oshida et al. (2001) .
Mountain range isolation.-We found 4 mtDNA phylogroups of C. erythraeus in Taiwan (Figs. 1 and 2 ). To better understand phylogeographic characteristics of this squirrel in view of these phylogroups, we considered the correlation between haplotype geographical distribution and geographical categories defined in this study. The AMOVA (Table 2) and nested clade analysis significantly correlated these phylogroups with geographical distribution. With a few exceptions, distributions of the northern, western, and eastern phylogroups corresponded to regions I, II, and III, respectively. The regions are divided by the Hsuehshan and Central ranges (Fig. 1) . The southern lineage coexisted with the eastern lineage, but its distribution was restricted to the southern part of the Haian Range (in site E of region III). Therefore, these mountain ranges in Taiwan may be effective geographical barriers that isolated populations of C. erythraeus.
Among the vertebrates of Taiwan, there are a few reports on mountain range isolation. Based on data for restriction fragment length polymorphism, Chang and Liu (1997) demonstrated that the Swinhoe's tree lizard (Japalura swinhonis), which inhabits low-and mid-elevation forests, is divided by the Central Range into eastern and western populations. Moltrechti's tree frog (Rhacophorus moltrechti), living in the low-and mid-elevation mountainous areas, has 2 mtDNA lineages (eastern and western), also separated by the Central Range (Yeh 1997) . Toda et al. (1998) used allozyme data to show that the eastern population of the Indian rice frog (Rana limnocharis) has diverged from other Taiwan populations. This frog is widely distributed in the Taiwan lowlands. These reports suggest that the Central Range acts as an effective geographical barrier against gene flow. In addition to the Central Range, we found that the Hsuehshan Range is an important geographical barrier for populations of C. erythraeus. Based on the PCR restriction fragment length polymorphism of mtDNA, however, Hsu et al. (2000) reported that the Formosan white-bellied rat (Niviventer culturatus) showed no genetic differentiation by mountain range. This is probably because the rat inhabits high-elevation forests (1,500-3,600 m), indicating that the mountain ranges are not a geographical barrier to gene flow. These phylogeographic studies suggest that species distributed in low and middle elevations should be more strongly affected by a mountain range. Forest animals such as J. swinhonis, R. moltrechti, and C. erythraeus may show clearer phylogeographic differentiation by mountain ranges because their dispersal is further restricted to forest environments.
Phylogeography of C. erythraeus in Taiwan.-Geographical variation of C. erythraeus in Taiwan has been reported on the basis of pelage patterns, and some subspecific criteria have been established. Based on the ventral pelage patterns, Horikawa (1932) classified C. erythraeus into 3 subspecies: C. e. thaiwanensis, C. e. roberti, and C. e. centralis, which are, respectively, grayish, dark reddish, and dark reddish divided in half by a gray stripe. On the other hand, Moore and Tate (1965) treated C. erythraeus of Taiwan as a subspecific form of C. flavimanus (C. flavimanus thaiwanensis). Jones et al. (1971) again adopted C. erythraeus for the Taiwan population. Corbet and Hill (1992) finally regarded the Taiwan population as C. erythraeus erythraeus. Thus, the systematic history of this species in Taiwan is extremely complicated. In the present study, however, haplotype variation was not always associated with the pelage variation (data not shown). This is irrelevant to the main subject in this paper, but the information in this paper indicates that the subspecific systematics of this species should be reconsidered.
Although the Jukes-Cantor corrected net divergences among the 4 phylogroups of C. erythraeus were similar, the divergence between southern and eastern phylogroups was lower than the others. These phylogroups may have formed at the almost same time during Pleistocene glaciation (Fig. 4a) . During this time, the vegetation of Taiwan drastically changed (Huang and Huang 1977a, 1977b; Liew et al. 1998; Tsukada 1967) . Based on high-resolution pollen records of the last glacial maximum in Taiwan, Liew et al. (1998) described the highland forests as semiopen, stating that most of the lowlands were occupied by grasslands. This drastic environmental change would have decreased and fragmented habitats of C. erythraeus. The inference key of Templeton (2004) for higher nested clades supports the idea that past fragmentation, long-distance colonization, or both had taken place in Taiwan's population of C. erythraeus. Although it is difficult to precisely locate these sites, the glacial refugia proposed by Haffer (1969) could have formed in the 3 study regions (I, II, and III; Fig. 1 ) divided by the 2 mountain ranges (Fig. 4a) . Multiple refugia could have existed in the more extensive region III, resulting in the distinct southern and eastern phylogroups (Fig. 2) . In Michelia formosana, a plant distributed from sea level to 2,000 m in Taiwan, the glacial refugium has been located by Lin (2001) near the central part of western Taiwan. Huang et al. (2002) inferred that southeastern Taiwan might be a refugium for Cyclobalanopsis glauca, a tree occurring at 400-2,500 m in elevation.
To interpret the phylogeographic structure of C. erythraeus in Taiwan, we cannot reject multiple colonization during the Pleistocene glaciation from the Asian continent to Taiwan (Fig.  4b) . Geological evidence indicates that Taiwan was connected to the Asian continent during the Pleistocene because of sealevel lowering (e.g., Huang 1984; Liu and Ding 1984) , resulting in a land bridge at the present Taiwan Strait. Many terrestrial mammal fossils from the last glacial period are found on the floor of the Taiwan Strait (Ho et al. 1997; Hu and Tao 1993) . The 3 phylogroups of C. erythraeus may have different origins, immigrating to Taiwan during different periods. Considering the distribution patterns, the eastern group may have reached Taiwan 1st, because at present this group is geographically most separate from the Asian continent (Fig. 4b) .
However, pollen records reveal that a large part of the exposed Taiwan Strait was either grassland or barren during the last glaciation maximum (Liew et al. 1998) . The arboreal C. erythraeus could not have moved across such a treeless area. Therefore, we think C. erythraeus could not have immigrated from the Asian continent to Taiwan during the Pleistocene glaciation. The refugia hypothesis is a more likely scenario to explain the phylogeographic traits of C. erythraeus. The glaciation refugia would have been associated with Pleistocene forest dynamics. The fragmented populations of C. erythraeus could have been isolated from one another by mountain ranges during the Pleistocene glaciation.
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